Tranexamic acid (rrafts-4-aminomethylcyclohexane-1-carboxylic acid) was first reported to have antifibrinolytic activity in 19621} and is now clinically used. The synthesis of tranexamic acid can be performed with cis, trans-cyc\ohexanQ-1 ,4-dimethylcarboxylate as the starting material, through trans-\,4-dicyanocyclohexane (7-DCC) and 4-cyanocyclohexane-1-carboxylic acid (f-MCC), by means of a sequence of chemical processes. In the previous paper, we reported the microbial synthesis of t-MCC from t-DCC by an isolated fungal strain, Acremonium sp. D9K. 2) t-MCCwas accumulated in the culture broth containing r-DCCas the nitrogen source and also in the reaction mixture with resting cells without the formation of by-products, cisisomers and dicarboxylie acid.
Although the microbial conversion of nitriles to corresponding amides and acids by nitrile hydratase and nitrilase was known, only a few microorganisms have been isolated for utilization of dinitriles. Kuwahara et al. re- ported the fungal degradation of succinonitrile 3143 to succinic acid.3'4) Glutaronitrile was converted to glutaric acid by Pseudomonas sp. K-9 and to 1-cyanobutyric acid by Fusarium merismoides TG-1, respectively.5'6) However, the enzyme(s) responsible for the conversion of dinitrile has not been identified.
In the present paper, we report that the conversion of J-DCC to t-MCC by Corynebacterium sp. C5 is catalyzed by two intracellular enzymes, nitrile hydratase and amidase. The cultural conditions for the enzyme production and /-MCCproduction by the resting cell system are also described.
Materials and Methods
Materials. A bacterium, strain C5, which was isolated by the process described in the previous paper,2) was used throughout this work. f-DCC, t-MCC and trans-A-cyanocyclohexane-1-carboxyamide (r-MCMA) were chemically synthesized by Mr. H. Yamane, Asahi Chemical Industry Co., Ltd. Other chemicals were usual commercial products and used without further purification.
Cultivation. The basal medium containing 0.5% (w/v) which 5mg of /-DCC powder had been placed, followed by incubation at 30°C with reciprocal shaking at 120 rpm.
After the cells had been removed by centrifugation at 1,800 x g for 10min, the supernatant was applied on a high performance liquid chromatography (HPLC). t-MCCforming activity was expressed as the amount of t-MCC (mg) formed in 1 ml of reaction mixture per 1 hr per mg dry weight of cells.
Cell-free extract preparation. Cells suspended in lO mM potassium phosphate buffer, pH 7.5, were subjected to ultrasonication with a KUBOTA Insonator Model 200M (9kHz) at 1.5~2.0A for an appropriate time below 10°C. The cell debris was removed by centrifugation at 8,000 x g for 10min at 4°C and the supernatant was used as the cellfree extract.
Enzymeassay. Nitrile hydratase activity was determined in a reaction mixture comprising 30/imol of /-DCC, 200/miol of Tris-HCl buffer, pH 8.5, and enzyme, in a total volume of 0.4ml. The reaction was carried out in a 10 x 105-mm test tube at 30°C with reciprocal shaking at 120rpm for 15min. The reaction was terminated by the addition of 0.1ml of 0.5n HC1and then the reaction mixture was subjected to HPLC.The activity of nitrile hydratase was estimated as the total amounts of r-MCMA and t-MCCformed in the reaction mixture. The activity of amidase was determined by measuring the formation of f-MCC in the reaction described above, excep that 2.6/miol /-MCMAwas used as the substrate. One unit ofenzyme activity was defined as the amount of enzymewhich catalyzed the formation of 1 /zmol of tMCCper min in the reaction mixture.
Analysis. The amounts of^-MCMA and?-MCC were determined by HPLC as described previously.2) Protein was assayed with a Bio-Rad protein assay kit using bovine plasma y-globulin as a standard. Growthwas estimated by measuring the optical density at 610nm of the culture broth.
Results and Discussion Identification of strain C5 The taxonomical characteristics of strain C5
were studied by the conventional method.
Elongation of the rod shape in the early stage of growth and division with snapping into short rods were observed. Strain C5 was aerobic, gram-positive, non-sporulating, catalasepositive and non-motile. These characteristics showed that strain C5 belongs to the corynebacterium group. Moreover, strain C5 neither survived on heating at 72°C for 15min in skim milk nor attacked cellulose, and it was not strictly aerobic nor fermentative. These characteristics together with physiological and biochemical ones showed that strain C5 belonged to the genus Corynebacterium, according to "Bergey's Manual of Determinative
Bacteriology," 8th Ed.7)
Identification of the reaction product t-MCCwas isolated from the reaction mixture for the resting cell reaction, in which tDCCand cells of Corynebacterium sp. C5 were present, and identified by the methods described in the previous paper.
2) The Rfvalues on thin-layer chromatography and the melting point8) of the product well coincided with those of t-MCC. The infrared spectrum of the esterified derivative of the product well coincided with that of authentic t-MCC.
This confirmed the trans form of the isolated mononitrile. Fromthese results, the product was identified as t-MCC. These results showed that the /-MCC-forming activity was due to two enzymes, nitrile hydratase and amidase, which were separated on DEAE-Sephacelcolumn chromatography.
Cultural conditions for the production of enzymes forming t-MCCfrom t-DCC 1) Effects of metal salts. Cells of Corynebacterium sp. C5 grown on the basal medium supplemented with various metal salts were compared as to the r-MCC-forming activity (Table I) . Cells grown on the medium supplemented with FeSO4-7H2O at the concentration of 0.001% showed the highest activity, and MnCl2-4H2O and FeCl3-6H2O at the concentration of 0.001% were also effective. The bacterium could grow in the presence of0.1% FeSO4à" 7H2O, but no /-MCC-forming activity was found in the cells. CuSO4à"5H2O at the concentration of 0.001% strongly inhibited cell growth, but other metal salts at Table I . Effects of Metal Salts on /-MCC-Forming Activity Cells after 4-days cultivation in the basal medium supplemented with metal salts at the concentrations indicated were subjected to the resting cell reaction under the standard conditions described under Materials and Methods.
Metal salt
Growth Relative activity and MnCl2 on the /-MCC-forming activity were then studied. Cells were taken several times during the cultivation and then subjected to the assay for /-MCC-forming activity. The activities at 39-and 58.5-hr cultivation time for FeSO4 and MnCl2, respectively, are shown in Fig. 2 . The maximumactivity was found at The presence of Fe in the enzyme will be discussed in the following paper.9) 2) Effects of nitrogen sources. It was reported that the nitrile hydratases from Pseudomonas sp. B231O) and Arthrobacter sp. J-ln) were inducibly formed in the presence of nitriles, while the nitrile hydratase from Brevibacterium sp. R312 was constitutively formed.12) Corynebacterium sp. C5 was grownon mediumcontaining different nitrogen sources, and the activities of nitrile hydratase and amidase were compared. During the cultivation, the activities of both enzymes in the cell-free extract were determined. Table II shows that /-DCC gave the highest activity in the logarithmic phase among the nitrogen sources tested, but the activity was almost completely lost in the stationary phase. Similar results were obtained with MVICMAand (NH4)2SO4. On the contrary, peptone (Polypepton; Nihon-Seiyaku) improved the final cell yield by at least 2.2-fold, compared to those with other nitrogen sources, and gave relatively high activity in the stationary phase. Although the highest activity per cell was obtained with /-DCC, the concentration of such active cells in the culture was very low. Accordingly, peptone was used Table II . Effects of Nitrogen Sources on the Activities of Nitrile Hydratase and Amidase Each compound was added as the nitrogen source to the basal medium supplemented with 0.004% FeSO4-7H2O. Cells were taken several times during the cultivation and the activities of the enzymes in cell-free extracts were assayed under the standard conditions described under Materials and Methods. The maximum values found at the logarithmic and stationary phases are Although nitrile hydratase and amidase were constitutively formed, a high-inducing effect was found in the early logarithmic phase with After incubation for 12hr, 72mg f-MCC and 18mg /-MCMAwere found in the reaction mixture. This showed that the amide hydrolysis was rate-limiting. Though the t-MCCforming activity was no more than 83%of that obtained with cells grown on the basal medium, the activity was 9.3 times higher when the activity was expressed as to the volumeof A cell suspension of l ml (1.23mg-dry cells) in 0.5m Tris-HCl buffer, pH 8.5, containing 30mMsodium isovalerate was incubated at 30°C for 1 1 hr with reciprocal shaking at 160rpm in the presence of lOOmgt-DCC or 10mg t-MCC. After the treatment, cells in 0.5ml of0.5M Tris-HCl buffer, pH 8.5, containing 30mMsodium isovalerate. The cell suspension was added to a test tube, in which 50mg of t-DCC had been placed, and then incubated at 30°C for 12hr with reciprocal shaking at 160rpm. The amounts of t-MCC and /-MCMAwere determined as described under Materials and Methods. After the above reaction, the cells were collected and used for another resting cell reaction under the same conditions. With the re-used cells, 74% conversion to t-MCC was attained after 36-hr incubation without the accumulation of any /-MCMA.To explain the decrease in the yield, the cells were incubated under various conditions before subjecting them to the resting cell reaction. Table IV shows that the decrease in /-MCC-forming activity was due to the incubation at 30°C, and not the presence of t-MCC and t-DCC. The decrease in /-MCMAcould be considered to be due to the loss of nitrile hydratase activity.
The presence of t-MCC in the suspension prevented the loss in some extent.
